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ABSTRACT: The accurate determination of electronic temperatures in
metallic nanostructures is essential for many technological applications,
like plasmon-enhanced catalysis or lithographic nanofabrication proce-
dures. In this Letter, we demonstrate that the electronic temperature can
be accurately measured by the shape of the tunnel electroluminescence
emission edge in tunnel plasmonic nanocavities, which follows a universal
thermal distribution with the bias voltage as the chemical potential of the
photon population. A significant deviation between electronic and lattice
temperatures is found below 30 K for tunnel currents larger than 15 nA.
This deviation is rationalized as the result of a two-electron process in
which the second electron excites plasmon modes with an energy
distribution that reflects the higher temperature following the first
tunneling event. These results dispel a long-standing controversy on the nature of overbias emission in tunnel junctions and adds a
new method for the determination of electronic temperatures and quasiparticle dynamics.
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Solid state systems out of equilibrium can transiently sustaindifferent temperatures for electronic and vibrational
degrees of freedom.1−7 Electron−electron interactions lead
to a fast (∼1 ps) thermalization of the electronic energy
distribution following excitation, while comparatively weak
electron−phonon scattering only allows for full thermalization
with the vibrational degrees of freedom after much longer
times (≥100 ps).1,3,6 Therefore, for intermediate time periods
following an external excitation, the electronic cloud could
have a temperature of thousands of Kelvin, while the atomic
lattice remains at a much lower temperature.1−7 This effect has
been related to the enhanced catalytic and chemical activity of
metallic nanoparticles under optical excitation,8,9 and it is
currently being exploited to optically increase the temperature
of plasmonic nanoparticles or to improve the efficiency of
metal−insulator−metal junctions as THz detectors.10
In this respect, a metallic tunnel junction traversed by an
electric current is an example of a controllable, out-of-
equilibrium solid nanostructure. Inelastic events during the
electronic flow (both during the tunneling process and
elsewhere) continuously pump energy into the electronic and
vibrational degrees of freedom of the junction.11−15 Such
inelastic processes can increase the system’s temperature16
(electronic, vibrational, or both), but they can also create
quasiparticle excitations such as localized surface plasmons
which, upon radiative relaxation, lead to photon emis-
sion.14,17−20 In principle, the maximum attainable photon
energy for such electroluminescence processes is the applied
bias voltage (the so-called quantum cutoff, see Figure 1b), but
a clear radiation tail can be observed at higher photon energies,
known as the overbias emission.21−30 One explanation for the
existence of such emission is blackbody radiation from the hot
electron gas, the temperature of which would be higher than
the lattice temperature due to the inelastic processes that
electrons in the current flow experience.22,26,28 Fitting this
model to the experimental data requires temperatures of
several thousand Kelvin to explain the observed overbias
emission, a fact that has raised much interest lately.22,26,28
However, an alternative model was also put forward to explain
overbias emission: the existence of two-electron processes in
which part of the energy of a first tunnel event is transferred to
a second tunnel event, which can excite more energetic
plasmons and, thus, lead to the emission of overbias
photons.23−25,27 This model is supported by the observed
quadratic dependence of the overbias intensity with the
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tunneling current,23 and it casts shadows on the purely thermal
interpretation of the overbias emission and on the temperature
determination of the tunnel junction derived from it. Notice
that a proper functional form for the cutoff function of the
tunnel luminescence spectra in plasmonic junctions has only
recently been described in the literature,31 and thus,
unambiguously distinguishing thermal and nonthermal effects
has been difficult.
In this Letter, we describe a thorough experimental
characterization of the overbias emission of a tunnel junction
between a gold tip and a Ag(111) surface (see Figure 1a) as a
function of the applied bias voltage, the tunneling current, and
the junction temperature. Taking into consideration the
expected shape of the electronic factor31 close to the quantum
cutoff, the analysis of these data demonstrates that the overbias
emission spectra follows a thermal photon energy distribution,
but only in terms of the excess energy above the tunnel bias;
i.e., the bias voltage acts as the chemical potential for overbias
photons. Electronic temperatures obtained from fitting to the
mentioned distribution are found to match junction temper-
atures above 30 K and for currents below 10 nA but deviate
significantly from them for lower temperatures and higher
currents. Finally, we also find that the observed electronic
temperatures scale with the average time between consecutive
tunneling events, i.e., with the reciprocal of the tunnel
intensity, following the same trend as the surface state electron
lifetimes scale with the electron energies above the Fermi level.
All these observations suggest a two-electron mechanism for
the overbias emission process in which the first tunneling
electron modifies the electronic temperature of the junction,
while the photon emission from the second electron samples
the electronic temperature at the time it tunnels. This
mechanism, thus, finds common ground between the two
controversial models for overbias emission and offers a unique
tool to follow the thermalization and quasiparticle excitations
dynamics with atomic spatial resolution and ps time resolution.
The concept of overbias emission is illustrated in Figure 1.
Figure 1c displays the light intensity emitted from the tunnel
junction held at 4.9 K for bias voltages of 2.4, 2.45, 2.5, and 3.5
V. Since these experiments are carried out with the feedback
loop closed, tip−surface distances are different for each voltage
and, thus, the plasmonic modes might also change. However,
according to previous investigations, the voltage range explored
in this paper is narrow enough to change tip−surface distances
by no more than 1 Å, and the modification of the plasmonic
properties (peak intensities and positions) is negligible.31
Notice that the energy value 3.5 eV is larger than the photon
energy of all the plasmonic modes. The corresponding
spectrum shows peaks at all the relevant energies, with the
light intensity being negligible at photon energies well below
the applied bias. This fully developed spectrum contains
information about the optical properties of the junction,
including possible absorption effects at tip and junction. Notice
that the width of the spectral features are in then range from
100 to 200 meVs. The energy values corresponding to the
other three voltages sit in the middle of the plasmon-mode
energies. Because the plasmonic modes of the cavity are
excited by inelastic tunneling events, and the maximum energy
that an electron can lose in such event is the applied bias
voltage (see Figure 1b), the signal corresponding to the modes
with energies higher than the bias voltage is strongly
suppressed for the 2.4, 2.45, and 2.5 V cases. A careful
Figure 1. (a) Schematic representation of our experiment: a tunnel current flows from a Au STM tip to a Ag(111) surface exciting plasmons, the
radiative decay of which leads to photon emission. (b) Level diagram showing that the width of the energy window of possible initial and final
states of an inelastic tunnel process exciting a plasmon of energy hν is eVB − hν; i.e., for low photon energies, more inelastic transitions contribute
to the emission. For photon energies higher than the bias voltage, inelastic processes linking occupied states in the tip and empty states in the
sample become impossible. (c) Tunnel electroluminescence spectra recorded at 4.9 K with a bias voltage of 3.5 V, where all the relevant plasmonic
cavity modes can be accessed by inelastic processes, and at lower voltages (2.4−2.5 V), demonstrating the suppression of intensity at photon
energies larger that the applied bias. Inset: Zoom into the emission edge. The overbias emission tail is shadowed. (d) Comparison between the
voltage dependence of the overbias amplitude (A, i.e., the light intensity at the cutoff) and total integrated emission (Ilight
T , i.e., integrated light
intensity at energies larger than the cutoff) with the fully developed spectra at 3.5 V. (e) Normalization of the emission edge spectra at different
voltages by their respective amplitudes, A, makes the spectra voltage independent.
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inspection of the data, however, reveals that this suppression is
not complete (see inset in Figure 1c): A small but well-defined
intensity tail can be observed at photon energies above the
applied bias, extending about 10 meV to the region of higher
photon energies, the so-called overbias emission. For the sake
of comparison, the Fermi level broadening of the tunnel
spectra at 4.9 K is about 1.5 meV (∼4kBT), i.e., 1 order of
magnitude smaller than the observed extension of the overbias
region. Similar overbias can be observed at negative bias
voltages, when electron flow from the sample to the tip (see
SI3 in the Supporting Information).
In the following, we will experimentally characterize overbias
emission through two parameters, the overbias amplitude, A,
i.e., the light intensity at the so-called quantum cutoff
condition, hν = eVB, and the integrated intensity above the
bias voltage, Ilight
T . This last parameter is important because its
dependence with the tunnel intensity has been previously
described to be quadratic, supporting the two-electron
interpretation of the origin of the overbias emission. Figure
1d shows A and Ilight
T of a tunnel junction as a function of the
bias voltage, demonstrating a very structured dependence with
the voltage that closely follows the shape of the fully developed
light spectrum recorded with a bias voltage of 3.5 V. Indeed,
we find that, by normalizing the spectral distribution of the
emission edges by A and plotting it versus the “excess” photon
energy, hν − eVB, all the data points fall into the same curve
(Figure 1e), which follows a linear dependence for relatively
large negative excess energies, tends to zero for relatively large
positive excess energies, and shows a transition region of about
10 meV above and below zero excess energy (the quantum
cutoff region, hν ∼ eVB).
We can rationalize this behavior by introducing the
electronic factor that contributes to the observed tunnel
electroluminescence spectra. Such spectra arise from the
product of two factors, the local radiative photonic density
of states of the plasmonic nanocavity at the tunnel junction,
and the rate of inelastic transitions of tunneling electrons,
which can be expressed as31
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where ρT and ρS are the tip and sample electronic density of
states, respectively, inel is the inelastic transition function, and
f is the Fermi−Dirac function of the electronic cloud in tip and
sample. For photon energies sufficiently close to the applied
bias, the density of states and transmission factors can be
considered constant (assuming normal metal behavior, see
section SI1 in the Supporting Information for more details).
The remaining integral involving only the Fermi−Dirac
functions can readily be performed (see section SI2 in the
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where Tel is the effective temperature of the electronic cloud
determining the step width of the Fermi−Dirac function in eq
1. Notice that, in agreement with Figure 1e, Rinel in eq 2 is a
function of the excess energy only. Moreover, its dependence
with the excess energy follows qualitatively that described in
Figure 1e for the experimental emission edges: at relatively
large negative excess energies, it tends to the decreasing
straight line eVB − hν, while at large positive excess energies it
tends to zero, with a transition region in the energy window of
width 2kBTel around hν = eVB. The overbias emission predicted
by eq 2 results from the thermal broadening of the Fermi−
Dirac distribution functions of tip and sample and, therefore,
gauges the presence of electrons above the Fermi level and
holes beneath the Fermi level in our system during the inelastic
tunnel process. Notice that expression 2 corresponds to the
average energy of an oscillatory mode of energy hν−eVB in
thermal equilibrium with the electron cloud at temperature Tel;
i.e., the bias voltage acts as the chemical potential for the
creation of overbias photons, a result that should be taken into
consideration when extracting temperatures from the shape of
emission edges.
Figure 2a shows a comparison between the experimentally
observed emission edges at a tunnel current intensity of 10 nA
and the best fit according to eq 2 for different sample
temperatures. This series was recorded with the same tip and
tunneling parameters by measuring the tunnel electro-
luminescence spectra at equally spaced time intervals while
slowly increasing the sample temperature in the STM. Sample
temperatures (TS) were measured with a diode placed on the
back of the sample-holder receptacle. Here, the data have been
normalized so that the slope of the edge at photon energies
below the cutoff are the same for all spectra (see section SI2 in
the Supporting Information for further discussion). The
quantitative agreement between experimental data and eq 2
in Figure 2a is remarkable, supporting the interpretation of the
overbias emission as arising from thermal broadening of the
Fermi−Dirac distribution functions of tip and sample. Such
agreement is further supported by Figure 2b, which shows the
electronic temperatures obtained from the previous fit for
different sample temperatures (the dashed line corresponds to
Tel = TS). This analysis demonstrates that for tunneling
currents up to 10 nA and sample temperatures above 30 K, it is
a good approximation to assume that electronic and sample
temperatures coincide.
Figure 2. (a) Experimental emission edges measured at different
sample temperatures (black squares 65 K, red dots 36 K, blue
triangles 4.9 K) with a current of 10 nA and a bias voltage of 1.96 V,
compared to the best fits to eq 2 (solid lines, same color code). (b)
Electronic temperatures obtained from the previous fitting of the
experimental data sets to eq 2 versus junction temperatures. Error
bars are estimated from the standard deviation between the
experimental data and the best fitted curve. The dashed line
corresponds to TS = Tel. There is a good correspondence between
both measures for temperatures above 30 K, but not below.
Nano Letters pubs.acs.org/NanoLett Letter
https://doi.org/10.1021/acs.nanolett.1c00951
Nano Lett. 2021, 21, 7086−7092
7088
Figure 2b, however, also shows some deviations between
electronic and sample temperatures below TS = 30 K for a
tunnel intensity of 10 nA. The lower values obtained for the
electronic temperatures as compared to other recent works
might be related to our tunnel current being 3 orders of
magnitude smaller than in previous studies.22,26,28 It is also
noticeable that, for such low currents, the lattice temperature at
the junction is unlikely to be significantly different from the
sample temperature: for example, a superconductive gap can be
observed in InO2 films (Tc = 1−3 K) with large conductivities
of 0.5G0, whereas we run our experiments at a much smaller
conductivity of 10−4G0.
32 We are thus left with the option of
attributing the discrepancies found in Figure 2b to differences
between electronic and lattice temperatures.
As previously discussed, electronic and lattice temperatures
can be significantly different in out-of-equilibrium systems,
such as the tunnel junction being traversed by an electrical
current. In this scenario, the rate of energy pumped into the
system due to inelastic processes should increase with tunnel
current, and so should the electronic temperature. To test this
hypothesis, we have investigated the effect of the tunneling
current in the spectral shape of the emission edge for a
junction held at 4.9 K (Figure 3a, the data have been
normalized to the slope, as the data in Figure 2a; more
information in section SI2 in the Supporting Information).
Indeed, we observe that the overbias emission edges can still
be fitted by eq 2 in the range of currents between 1 and 50 nA,
but the electronic temperatures and the integrated overbias
light intensities obtained from the fitting of eq 2 to the
experimental data do increase with increasing tunneling
current (Figures 3b and c, respectively). The behavior at
negative voltages is very similar (see SI3 and Figure S1 in the
Supporting Information). In particular, the integrated light
intensity in the overbias region depends quadratically on the
tunneling current, a fact that usually implies that two-electron
processes are essential to describe the effect. All these results
indicate that, for relatively low junction temperatures and high
current intensities, the thermal broadening of the Fermi−Dirac
distribution functions in the tip and sample is larger than
would be expected due to the sample temperature. Since the
increased number of electrons above the Fermi level and holes
below the Fermi level related to this elevated temperature scale
with the tunnel current, it must arise from the scattering of hot
carriers previously injected through the tunnel junction with
other electrons and phonons of the sample.
This thermal broadening was attributed in previous works24
to the creation of hot electrons and holes at the junction that
decay via two electron (Auger-like) processes for very high
tunneling currents of the order of μA.24 However, at the
relatively low tunnel intensities used here (1−50 nA), the time-
lapse between two consecutive tunneling events is large
enough (τ = e/It, 3−160 ps) for the energy associated with the
first electron excitation to have already been distributed among
the rest of the electronic degrees of freedom (typically within 1
ps) but the full thermalization with the atomic lattice caused by
electron−phonon scattering is still under way (typical time 100
ps). As sketched in Figure 4a, the second inelastic tunnel
process might thus contribute to the overbias emission
precisely because it would acquire the electronic temperature
of the system at the time point of the second inelastic tunnel
event and, indeed, this is higher than the lattice temperature.
Moreover, the higher the tunnel current, the shorter the
average lapse between consecutive tunnel events and therefore
the thermalization time, explaining qualitatively the increase in
the electronic temperature for increasing currents described in
Figure 3c.
As the tunneling current in a wide bias voltage range is
dominated by transitions to the Ag(111) surface state band
electrons,33,34 the characteristic lifetime of these excited surface
state electrons can be used to trace the relation between the
observed electronic temperature and the corresponding
tunneling current. This inelastic lifetime is due to the inelastic
processes of electron-photon scattering35,36 and electron−
electron interaction at finite temperatures,36 and the
Figure 3. (a) Emission edges as a function of the tunneling current for a sample temperature of 4.9 K. Electroluminescence spectra were recorded
with a bias voltage of 2 V. For comparison, the rate according to eq 2 is also plotted using the actual temperature of the junction (4.9 K, dashed
lines) or the fitted temperature (solid lines). The overbias emission becomes more intense with increasing current. (b) Log−log plot of IlightT (red)
and the light intensity below the quantum cutoff (precisely at 1.98 eV, green) versus the tunneling current, revealing a linear dependence on the
latter case but a quadratic dependence of the former. In this graph, we use the light intensity at a given photon energy instead of the integrated
intensity below the quantum cutoff because for both cases there exists a proportionality relation with the tunnel current. (c) Dependence of the
temperature obtained by fitting the experimental emission edges to eq 2 for the rates as a function of the tunneling current. The data shown in (b)
and (c) include only data points for It > 10 nA because lower tunnel currents lead to spectra with relatively low signal-to-noise ratios, and both the
integrated overbias intensities and integrated electronic temperatures show a rather large error bar.
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corresponding self-consistent calculations are described in
section SI5 in the Supporting Information. The average energy
of hot electrons above the Fermi energy at a given electronic
t e m p e r a t u r e c a n b e c a l c u l a t e d a s
E E k T k T1.19F 12ln(2) B el B el
2
⟨ − ⟩ = ≈π (see section SI4 in the
Supporting Information). Thus, by converting from tunneling
current into time span (τ = e/It) and from electronic
temperature to average energy separation from the Fermi
level ⟨E − EF⟩, we can reinterpret Figure 3c as a measure of the
lifetimes of hot carriers as a function of electron energy. Figure
4b compares such reinterpretation of the data with self-
consistent calculations of the lifetime of surface state electrons
in Ag(111) including only electron−phonon scattering (red
squares) or including also electron−electron scattering (green
circles).
Inspection of Figure 4b reveals a power law dependence
between average electron energy and time span between
consecutive tunneling events, with an exponent close to −1/2
(slope in the log−log representation) which is compatible with
that obtained from the self-consistent calculations of the
quasiparticle excitations in the Ag(111) surface state (−0.42
for the calculation including e−−ph and e−−e− scattering at
finite temperatures). However, the values of the time span (τ =
e/It) extracted from the data are smaller than the calculated
lifetime by about a factor of 2. We attribute this shorter time
scale to the role of elastic scattering with defects, which is
another contribution to electron lifetimes.
The previous argument relating the overbias analysis data
and the electronic lifetime calculations strongly supports the
view that overbias emission, in the range of tunneling
parameters explored here, is caused by Fermi-level broadening
of the emission cutoff energy due to a finite nonequilibrium
electronic temperature. After the injection of a first tunneling
electron, and at the instant of a second inelastic tunnel event,
the value of the electronic temperature can be higher than the
lattice temperature due to the incomplete thermalization of the
electronic cloud. Notice that it can also be considered as a sort
of a pump−probe mechanism, in which the first tunnel event
creates an excitation of the system while the second tunnel
event probes the fate of the excitation after some definite time
fixed by the tunnel current intensity. From that point of view,
we also provide STM with a time resolution between the ps
and the ns. While innovative approaches are currently lowering
the time resolution of STM below the picosecond by applying
terahertz and petahertz pulses to the junction38,39 and the
application of electric pulses directly at the junction allows for
the exploration of the nanosecond time scale,40,41 the time
Figure 4. (a) Proposed mechanism for the observed overbias mechanism: the first tunnel event creates hot electrons and holes, leading to a
nonequilibrium occupation of the electronic states. This nonequilibrium state decays rapidly due to the e−−e− scattering (green arrows) until the
electron gas absorbs the excess energy of the hot carriers, thus increasing the electronic temperature with respect to that of the lattice. e−−ph
scattering events now provide the tool for the electron gas to equilibrate its temperature with that of the lattice (green arrows), but full
thermalization is not achieved before 100 ps. A second tunnel event taking place in this time lapse could well contribute to an overbias emission
higher than the expected one in terms of lattice temperature only, because of the higher electronic temperature. (b) Average energy of the electrons
from the Fermi level estimated from the electronic temperatures in Figure 3c (E − EF = 1.19kBTel) versus average time between tunneling events (τ
= e/It). The results are compared to calculations of the lifetime of electron quasiparticle in the Ag(111) surface state as a function of their energy,
including the calculated e−−e− contribution and the e−−ph scattering processes.35,37
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scale achievable through this technique has proven elusive to
local measurement techniques.
To summarize, by means of a thorough experimental
characterization and analysis of the overbias emission depend-
ence on tunneling parameters, we have found the general shape
of the emission edge spectrum and its dependence on
temperature. This shape turns out to be compatible with
thermal emission of plasmonic modes only when the bias
voltage is considered as the chemical potential of the radiated
photons. Our results show that, for junction temperatures
above 30 K and tunnel currents of the order of tens of
nanoamperes, thermal broadening effects are sufficient to
explain the overbias emission. For lower junction temperatures
and higher tunneling currents, however, a significant difference
is found between the electronic temperatures determined from
the overbias intensities and nominal junction temperatures. All
these results support a two-electron mechanism in which the
first tunneling electron creates an excitation in the system
while the second one tests the thermalization of the system by
the time it tunnels. This picture establishes connections
between the two contradictory models previously published in
the literature to explain overbias emission and opens the
possibility to study the thermalization of nanoscale systems
following injection of individual hot carriers with picosecond
resolution, a method that can find applications for nanoscale
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